Vibrio anguillarum strains expressed increased amounts of a novel 60-kDa protein when cells were grown at physiologically elevated temperatures. The relative amounts of the 60-kDa protein were unaltered by changes in osmolarity or ionic concentration of the growth medium in cells grown at optimal growth temperatures. The N-terminal amino acid sequence analysis of the V. anguillarum 60-kDa protein showed extensive (94^89%) sequence identity with the 60-kDa heat shock protein of Yersinia enterocolitica and with Serratia rubidaea GroEL protein. Monoclonal antibodies against the Y. enterocolitica chaperonin reacted with the 60-kDa protein from V. anguillarum strains, and with a temperature-induced protein of similar molecular mass in other Gram-negative pathogens of fish. z
Introduction
Vibrio anguillarum is one of the etiologic agents of vibriosis, a bacteremic infection of cultured, marine and feral ¢sh species worldwide [1, 2] . While vibriosis is commonly associated with salt-water and migratory ¢sh, epizootics have been reported in fresh waters [1, 3] . While the occurrence of V. anguillarum is worldwide, vibriosis due to Vibrio ordalii is reported in the Paci¢c Northwest of North America and Japan [4] . Vibrio salmonicida causes cold water vibriosis or Hitra disease in Norway, Scotland and Canada [5, 6] . Vibrio species are part of the normal microbiota of the aquatic environments, but it is not known whether these bacteria behave as opportunistic ¢sh pathogens in marine environments. Susceptibility to Vibrio infections can be caused by increase in a number of environmental and host factors causing ¢sh to be stressed [7] . Environmental factors such as high water temperatures (greater than 15³C), rapid changes in water characteristics including temperatures, salinity, organic content and low oxygen levels [7^9] are associated with vibriosis outbreaks in ¢sh farms. The Vibrio pathogens have to adapt to environmental and nutritional conditions inherent in the marine, freshwater and in the systemic environ-ments of the host ¢sh. It is of obvious interest to examine environmental factors that impact on the viability and survival of these Vibrio species outside of the ¢sh host, and the adaptation mechanisms of the bacterium to these environmental challenges.
V. anguillarum and Vibrio salmonicida are adapted to prolonged survival in marine environments without supplemental nutrition [10] . Recently, we showed that at a growth temperature of 37³C, the relative amounts of the 40-kDa major outer membrane porin of V. anguillarum 02 were reduced with a concurrent appearance of a novel, and unrelated protein of approximately 60 kDa. The expression of the 40-kDa porin was osmoregulated and maybe coregulated by growth temperature and cation limitation [11] . Piccininno et al. [12] described a novel 66-kDa protein in V. anguillarum cells cultured at low osmolarity and high temperature. Expression of the novel 60-kDa protein in V. anguillarum 02 was not a¡ected by changes in osmolarity or ionic concentration of the growth medium [11] . The current work examines the functional and immunological properties of the 60-kDa protein of V. anguillarum strains, and the distribution and expression of the antigen in other Gram-negative pathogens of ¢sh.
Materials and methods

Organisms and growth conditions
V. anguillarum serotypes 01 (ATCC 43305), 02 (ATCC 19264) and 03 (ATCC 43307) strains, Vibrio ordalii MT601, Vibrio salmonicida MT701 and MT NB1, Aeromonas hydrophila ATCC 19570, Aeromonas salmonicida RS842 strains [11] , Yersinia ruckerii serovar 1 (RS 1153) and serovar II (RS 1154) (obtained from R.M.W Stevenson, Department of Microbiology, University of Guelph) were grown in CM9 minimal medium broth and in Luria-Bertani broth, supplemented with 100 mM NaCl [11] .
Preparation of bacterial cell lysates, SDS-PAGE and Western immunoblot analysis
Bacterial cultures were grown in CM9 or LBbroths at 18³C, 25³C and 37³C for 24 h with agitation. Cells were harvested, cell lysates were prepared, the proteins separated by SDS-PAGE and the gels stained for proteins as previously described [11] . Western immunoblot analysis using monoclonal antibodies (mAbs) 3C8 and 5C3, speci¢c for Yersinia enterocolitica immunodominant 60-kDa heat shock protein antigen [13] were performed as previously described [14] .
2.3. Preparation of the 60-kDa protein V. anguillarum 02 cells from 6 l of a 48-h broth culture grown at 37³C were harvested, and the cell pellet suspended in ice-cold 10 mM Tris-HCl (pH 7.4) containing 10 Wg ml 3I each of RNase and DNase, 5 mM MgCl P and 25 Wg ml 3I lysozyme, and 1 mM of the protease inhibitor PMSF. The cells were lysed by passage 3U through a French press at 15 000 psi. The lysate was centrifuged at 5000Ug for 10 min, the pellet containing unbroken cells was discarded and the supernatants were centrifuged at 14 000Ug (4³C) for 45 min. The pellet containing the cell envelopes was dissolved in 1% (w/v) sodium dodecylsulfate (SDS). The supernatant containing the soluble and cytoplasmic cell proteins was centrifuged at 100 000Ug (2 h) and the protein pellet dissolved in 10 mM Tris-HCl (pH 7.8) containing 0.05% SDS. A 25-Wl sample of the SDS-solubilized cell envelope proteins and the cytoplasmic protein fractions were loaded on SDS-PAGE and the gels stained with Coomassie blue dye. The 60-kDa protein was enriched in the cytoplasmic cell protein fraction. The cytoplasmic protein fraction was applied to a column of Sephacryl S-300 (1.6 mmU60 cm) ¢ltra-tion matrix. The proteins were eluted with a TrisHCl (pH 7.4) bu¡er containing 200 mM NaCl and 0.1% SDS at a £ow rate of 0.3 ml min 3I and 3-ml fractions collected. A 200-Wl sample from each fraction was concentrated by Speed-vac, the pellet suspended in water and the samples loaded on SDS-PAGE gels and stained for protein. All fractions containing the 60-kDa band were pooled, lyophilized and reconstituted in water. A sample containing 0.05 mg ml protein 3I was loaded onto SDS-PAGE gel, the proteins transferred to polyvinylidene di£uoride ¢lter and the band corresponding to the 60-kDa protein was excised and subjected to N-terminal amino acid sequencing. N-terminal amino acid sequencing and amino acid composition analysis were performed following standard techniques [15] by S. Kielland, Department of Biochemistry and Microbiology, University of Victoria, British Columbia, Canada.
Results and discussion
3.1. Expression of a novel 60-kDa protein of V. anguillarum V. anguillarum strains showed optimal growth at 15^25³C and growth was signi¢cantly reduced in cultures grown at 37³C [11] . Coomassie blue-stained gels of crude cell lysates of V. anguillarum serotypes 02, 01 and 03 strains grown in CM9 or LB-media showed growth at 37³C favored expression of a novel 60-kDa protein (Fig. 1, lanes 3^5, respectively) . The 60-kDa protein was not detected in cell lysates of cultures grown at 25³C (Fig. 1, lanes 6^8 ). We previously showed that the apparent amounts of the 60-kDa protein were una¡ected by changes in osmolarity (addition of sucrose) or ionic concentration (addition of NaCl) of the growth medium [11] . The expression of the 60-kDa protein in V. anguillarum strains was upregulated by growth at elevated temperatures, and cellular amounts of the protein were enhanced by growth at 37³C.
The 60-kDa protein was puri¢ed from V. anguillarum 02 cell cultures grown at 37³C. The protein was recovered in the supernatant fraction of cell lysates centrifuged at 14 000Ug suggesting the 60-kDa protein was not cell wall-associated but was localized in the cytoplasm or periplasm of V. anguillarum 02 cells (Fig. 1, lane 1) . The sequence of the ¢rst 37 amino acids at the N-terminal of the 60-kDa V. anguillarum 02 protein was determined (Table 1) . A BlastP search of databases of reported protein sequences showed that the V. anguillarum 60-kDa protein was a GroEL-like protein. The N-terminal amino acid sequence of the 60-kDa protein had 94% identity and 94% similarity with the N-terminal sequence of the Yersinia enterocolitica 60-kDa heat-shock protein or chaperonin [16] . The V. anguillarum 02 60-kDa protein also showed signi¢cant identities (89^91%) and similarity (93^97%) with the GroEL protein and heat shock protein 60 (Hsp60) proteins of Serratia rubidaea [17] , Actinobacillus actinomycetemcomitans [18] , Actinobacillus pleuropneumoniae [19] and Escherichia coli [20] (Table 1) . A comparison of the N-terminal amino acid residues of the V. anguillarum 02 60-kDa protein with GroEL proteins from these bacteria AAKDVKFGNDARVKMLNGVNILADAVKVTLGPK G RNV 91 93 64-kDa hsp of A. actinomycetemcomitans [18] AAKDVKFGNDARVKMLNGVNILADAVKVTLGPK G RNV 91 94 Hsp60 protein GroEL A. pleuropneumoniae [19] AAKDVKFGNDARVKMLKGVNVLADAVKVTLGPK G RNV 89 97 Escherichia coli GroEL protein [20] AAKDVKFGNDARVKMLRGVNVLADAVKVTLGPK G RNV 89 94
Identity of the ¢rst 37 amino acids with the V. anguillarum 02 60-kDa protein.
Similarity of the ¢rst 37 amino acids with the V. anguillarum 02 60-kDa protein.
Di¡erences in amino acid residues are indicated in bold.
showed absolute conservation of 33 of 37 amino acid residues (Table 1) . Amino acid residue 17 was an acidic residue (E) in V. anguillarum 02, a basic residue (R or K) in Y. enterocolitica and A. pleuropneumoniae, respectively, and a polar residue (N) in S. rubridaea and A. actinomycetemcomitans. Residues 13 and 21 were either valine (V) or isoleucine (I). Amino acid residue 34 of V. anguillarum 02 60-kDa protein was ambiguous and was assigned as lysine (K) or as glycine (G) as ¢rst and second choice, respectively. Thus, the 60-kDa protein of V. anguillarum 02 and the GroEL protein of Y. enterocolitica were identical for 36 of the 37 residues.
Immunological properties of the V. anguillarum 60-kDa protein
V. anguillarum serotypes 01, 02, 03 were grown at 25³C and 37³C and the cell lysates reacted with mAb 3C8 and 5C3 generated against the Y. enterocolitica 60-kDa immunodominant (chaperonin, GroEL) protein [13] . The mAbs 3C8 and 5C3 were used at a concentration of 1.25 Wg ml 3I of antibody protein ( Fig. 2A, B) , respectively. The mAbs 3C8 and 5C3 reacted with the puri¢ed 60-kDa V. anguillarum 02 protein ( Fig. 2A, B, lane 1) and with a major band of 60 kDa in cell lysates from V. anguillarum serotypes 02, 01 and 03 ( Fig. 2A, B, lanes 3^8 ). MAbs 3C8 and 5C3 also reacted with 2^3 antigens of lower molecular mass in the V. anguillarum lysates ( Fig. 2A, B) . The expression of the 60-kDa antigen and the crossreacting low-M r antigens were apparently enhanced in lysates from cells grown at 37³C (Fig. 2A, B, lanes  3^5) , when compared to lysates of cells grown at 25³C (Fig. 2A, B, lanes 6^8 ). These data suggest that the 60-kDa antigen was expressed in cells grown at 25³C, however, the cellular levels of the protein were enhanced by growth at elevated temperatures. MAbs 5C3 and 3C8 were not reported to cross-react with other cell antigens in Y. enterocolitica cell lysates [13] . Therefore, the cross-reacting low M r antigens V. anguillarum cell lysates are likely degradation peptides of the 60-kDa temperature-induced proteins.
We studied the distribution and expression of the 60-kDa temperature-induced protein in other Gramnegative pathogens of ¢sh using the mAbs 3C8 and 5C3. The relative amounts of a protein band of approximately 60 kDa were enhanced in Coomassieblue stained gels of cell lysates of Yersinia ruckerii grown at 37³C, V. ordalii grown at 25³C (no growth at 37³C), Aeromonas hydrophila and A. salmonicida grown at 20³C (no growth at 25³C). The mAbs 3C8 and 5C3 reacted with the novel temperature-induced 60-kDa antigen in the cell lysates of these bacteria (Fig. 3 , data shown for mAb 5C3). As observed in V. anguillarum, the protein was expressed at considerably lower cellular levels in Y. ruckeri serovar I and II cultures grown at 18³C and 25³C (Fig. 3A , B, respectively) when compared to cells grown in LBbroth or LB-agar at 37³C (Fig. 3C) . In contrast, a shift in growth temperature of V. ordalii and V. anguillarum 03 from 18³C to 25³C (Fig. 3A, B , respec- tively), and of A. salmonicida and A. hydrophila from 18³C to 20³C (Fig. 3A, B, respectively) , slightly enhanced the cellular amounts of the 60-kDa protein.
The GroEL protein is a member of the highly conserved Hsp60 proteins or chaperonin-60 family of heat-shock induced proteins found in the cytoplasmic compartment of bacteria, in the eukaryote mitochondrial matrix and stroma of chloroplasts [21, 22] . The groE operon of E. coli has two genes groES and groEL which encode for a 15-kDa GroES and a 60-kDa GroEL protein, respectively [23] . The Hsp60 proteins are essential for growth at physiologically elevated temperatures, and the cellular levels of the GroEL proteins were substantially increased in E. coli cells grown at 42³C [22] . The Hsp60 (GroEL) proteins are molecular chaperones which under conditions of temperature stress facilitate the refolding of some unfolded cytoplasmic proteins, prevent aggregation of denatured proteins and promote the degradation of aberrant cytoplasmic proteins. In E. coli the GroEL protein facilitated assembly of multimeric protein complexes [23^26]. The ambient temperatures of the marine environments are below 37³C and do not £uctuate dramatically, hence the thermal regulation of the 60-kDa GroEL-like protein of V. anguillarum strains in these environments is not apparent. However, the 60-kDa protein may be one of the factors which allow these bacteria to adapt to changes in the ambient temperatures of shallow water environments such as rivers and estuarine sediments which are relatively more subject to seasonal £uctuations in water levels, temperature and salinity. Bacterial heat shock proteins have been shown to elicit a strong cellular and humoral immune response during infection of host by various pathogens [27, 28] . Bacterial Hsp60 proteins and their eukaryotic homologues share domains of amino acid identity interspersed with regions of variability which contain bacterial-speci¢c epitopes. Immune response against the common or shared epitopes may elicit the induction of the autoimmune antibodies, and conversely, cell mediated immune responses against the prokaryotic-speci¢c domains of the Hsp60 may be a natural signal for recognition of infected or stressed cells [29] . Cell lysates of the Vibrio, Yersinia and Aeromonas strains grown at elevated temperatures are being used to screen serum from infected ¢sh for cross-reacting antibodies to the bacterial 60-kDa antigen. In this study, the cellular levels of the 60-kDa GroEL-like protein of V. anguillarum serotype 01, 02 and 03, and in other Gram-negative bacterial pathogens of ¢sh were apparently increased when cells were grown at physiologically elevated temperatures. The speci¢c role of the temperaturestress induced GroEL-like 60-kDa proteins in survival of the Vibrio, Yersinia and Aeromonas species in the environment, and in the pathogenesis of the bacteria in ¢sh is not known.
